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INTRODUCTION 


The  use  of  some  type  of  shear  reinforcement  is  required  by 
current  manuals  for  the  blast-resistant  design  of  reinforced 
concrete  slabs.  The  primary  purpose  of  this  type  of 
reinforcement,  normally  referred  to  as  shear  reinforcement,  is 
not  to  resist  shear  forces,  but  rather  to  improve  performance  in 
the  large-deflection  region  by  tying  the  two  principal 
reinforcement  mats  of  the  slab  together.  Shear  reinforcement 
used  in  blast-resistant  design  usually  consists  of  either  lacing 
bars  or  stirrups  (Figure  1 ) .  Lacing  bars  are  reinforcing  bars 
that  extend  in  the  direction  parallel  to  the  principal 
reinforcement  and  are  bent  into  a  diagonal  pattern  between  mats 
of  principal  reinforcement.  The  lacing  bars  enclose  the 
transverse  reinforcing  bars,  which  are  placed  outside  the 
principal  reinforcement.  The  cost  of  using  lacing  reinforcement 
is  considerably  greater  than  that  of  using  single-leg  stirrups 
due  to  the  more  complicated  fabrication  and  installation 
procedures . 

Two  of  the  most  commonly  used  manuals  are  the  Army  Technical 
Manuals  (TM)  5-1300  (Reference  1)  and  5-855-1  (Reference  2). 
Reference  1  is  volume  IV  of  the  draft  of  the  new  TM  5-1300.  A 
limited  bank  of  relatively  recent  test  data  that  indicate 
excessive  conservatism  in  the  shear  reinforcement  design  criteria 
of  these  manuals  was  presented  at  the  23d  Department  of  Defense 
Explosives  Safety  Seminar  (Reference  3).  The  shear  reinforcement 
design  criteria  are  directly  related  to  the  allowable  response 
limits  (support  rotations)  of  the  slab.  More  recently,  an 
extensive  review  of  related  test  data  has  been  conducted.  Data 
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for  278  tests  were  collected.  The  tests  consisted  of  static  and 
dynamic  loadings  of  reinforced  concrete  slabs  and  box-type 
structures  having  lacing  bars,  stirrups,  or  no  shear 
reinforcement.  Although  this  is  a  large  number  of  tests,  there 
remain  significant  gaps  in  the  data  base.  A  thorough  study  of 
the  role  of  shear  reinforcement  (stirrups  and  lacing)  in 
structures  designed  to  resist  blast  loadings  or  undergo  large 
deflections  has  never  been  conducted;  however,  as  discussed  in 
this  paper  the  available  data  base  is  sufficient  to  allow  a 
relaxation  of  the  shear  reinforcement  requirements  for  the  roof, 
floor,  and  wall  slabs  of  some  types  of  protective  structures. 
Such  a  relaxation  is  evident  in  a  recently  prepared  Engineer 
Technical  Letter  (Reference  4)  applicable  to  protective 
structures  designed  to  resist  the  effects  of  conventional 
weapons . 


DISCUSSION  OF  DATA  REVIEW 

The  data  base  is  presented  in  a  draft  technical  report 
(Reference  5)  currently  being  prepared  for  publication  at  the 
U.S.  Army  Engineer  Waterways  Experiment  Station  (WES). 

Parameters  describing  construction  details,  testing  conditions, 
structural  response,  and  failure  modes  were  tabulated  and 
discussed.  In  addition  to  recent  tests,  the  data  base  includes 
the  tests  that  were  conducted  in  the  1960's  and  were  instrumental 
in  the  formulation  of  the  design  criteria  given  in  the  original 
1969  version  of  TM  5-1300.  As  discussed  in  Reference  3,  the 
shear  reinforcement  design  criteria  have  been  only  slightly 
relaxed  in  the  new  version  of  TM  5-1300  as  compared  to  the  1969 
version.  The  data  developed  in  the  1960's  primarily  pertained  to 
either  laced  slabs  or  slabs  with  no  shear  reinforcement; 
therefore,  it  is  not  surprising  that  TM  5-1300  is  more 
restrictive  for  slabs  containing  stirrups  rather  than  lacing 
bars.  The  data  base  in  Reference  5  is  the  most  comprehensive 
collection  of  data  available  concerning  shear  reinforcement 
details  in  blast-resistant  structures.  Portions  of  the  data  base 
are  presented  in  Tables  1  through  5.  The  reader  is  directed  to 
Reference  5  for  a  more  extensive  list  of  tests  and  parameters. 

A  study  of  the  data  base  indicates  that  there  are  several 
parameters  in  addition  to  shear  reinforcement  details  that  affect 
the  large-deflection  behavior  of  reinforced  concrete  slabs . 

These  primarily  include:  support  conditions,  amount  and  spacing 
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of  principal  reinforcement,  scaled  range,  and  span-to-ef f ective- 
depth  (L/d)  ratio.  The  support  conditions  will  be  generalized  in 
this  discussion  as  either  laterally  restrained  or  laterally 
unrestrained.  The  amount  of  principal  reinforcement  will  be 
given  as  the  tension  reinforcement  ratio  (p)  expressed  as  a 
percentage  of  the  width  and  effective  depth  of  the  slab.  The 
scaled  range  (z)  refers  to  the  size  and  standoff  of  the  explosive 
charge  weight  and  is  expressed  as  ft/lb^'^^.  The  effects  of  these 
parameters  on  slab  response  must  be  considered  in  the  study  of 
the  role  of  shear  reinforcement,  particularly  since  the  available 
data  are  from  many  separate  test  programs  with  different 
combinations  of  these  parameters.  An  understanding  of  how  these 
parameters  interact  to  enhance  the  ductility  of  a  slab  will  lead 
to  the  design  of  more  economical  structures. 

Laterally  Restrained  Slabs 

The  roof,  floor,  and  wall  slabs  of  protective  structures, 
particularly  those  in  the  data  base,  are  generally  laterally 
restrained.  This  is  partly  due  to  the  extension  of  the  principal 
reinforcement  of  a  slab  into  the  adjoining  slab.  Also,  the 
adjacent  slabs  usually  exhibit  similar  degrees  of  stiffness 
(based  on  thickness,  span,  and  p) .  Lateral  restraint  is 
necessary  for  the  formation  of  tension  membrane  forces  that 
enhance  the  large-deflection  behavior  of  slabs.  The  laterally- 
restrained  boxes  tested  at  z  <  2.0  ft/lb^'^^  were  all  buried  and 
had  a  p  of  2.0  percent.  For  low  values  of  L/d  in  the  range  of 
approximately  6  or  7  with  z  =  1.0  ft/lb^^^,  damage  was  slight,  but 
support  rotations  (0)  were  low  (5  to  7  degrees)  even  when  no 
shear  reinforcement  was  used.  Generally,  wall  slabs  of  boxes 
having  L/d  values  of  approximately  10  to  15  experienced  large 
support  rotations  (15  to  29  degrees)  and  were  damaged  to  near 
incipient  collapse.  However,  a  wall  slab  that  had  L/d  =  7  and 
was  tested  at  z  =  0.75  ft/lb sustained  a  support  rotation  of  26 
degrees  without  breaching,  although  there  was  no  shear 
reinforcement.  Breaching  did  not  occur  in  this  group  of  slabs 
until  support  rotations  reached  15  degrees,  and  some  slabs 
achieved  support  rotations  significantly  greater  than  1 5  degrees 
without  breaching  occurring.  In  general,  no  shear  reinforcement 
was  used  in  this  group  of  slabs. 

In  addition  to  components  of  the  box- type  structures,  the 
data  base  includes  slabs  that  were  laterally  restrained  in  test 
devices  or  reaction  structures.  Many  of  the  nonlaced  slabs  were 


49 


tested  in  reaction  devices  of  which  the  degree  of  lateral 
restraint  cannot  be  determined  with  great  confidence  based  on  the 
information  provided  in  the  reports  on  the  tests .  Only  two  of 
the  one-way  slabs  tested  at  z  <  2.0  ft/lb^^^  were  definitely 
laterally  restrained.  Although  one  of  these  was  lightly 
reinfofced  (p  =  0.15)  with  no  shear  reinforcement  and  with  L/d 
approximately  equal  to  9,  it  sustained  only  "slight"  damage  when 
tested  at  z  =  1.0  ft/lb^^^.  Unfortunately,  values  for  support 
rotation  or  midspan  deflection  are  not  available  for  these  slabs. 
Damage  was  described  as  "heavy"  when  z  was  increased  to  1.25 
ft/lb^"^^,  L/d  was  decreased  to  approximately  7,  p  was  increased  to 
0.65,  and  looped  reinforcement  (apparently,  a  type  of  stirrup 
forming  a  rectangular  loop  around  top  and  bottom  bars)  was  used. 
Such  variations  in  the  data  base  are  difficult  to  explain. 

A  considerable  amount  of  information  is  available  for  the 
two-way  slabs  that  were  laterally  restrained  with  L/d  greater 
than  2a  and  were  tested  at  z  =  2.0  ft/lb^^^.  The  values  of  p  for 
these  slabs  (0.31,  1.0,  1.5,  and  2.5  percent)  included  low, 
middle,  and  high  values,  considering  the  range  of  p  forthe  data 
base.  For  p  =  1.0  or  1.5  percent,  the  slaibs  achieved  support 
rotations  of  10  to  12  degrees  with  no  failure  of  the  tension 
steel  2uid  "medium"  damage.  Even  the  slab  having  the  low  value  of 
p  =  0.31  percent  with  no  stirrups  sustained  a  support  rotation  of 
10.4  degrees  with  medium  damage  and  no  rupture  of  reinforcement. 
The  support  rotation  was  limited  to  5  degrees  due  to  the  high 
percentage  of  principal  reinforcement  when  p  equalled  2 . 5 
percent.  The  slabs  that  sustained  large  deflections  did  not 
experience  breaching,  although  z  was  as  low  as  0.65  ft/lb^'^^. 

When  the  single-leg  stirrups  (180-degree  bends  on  each  end)  were 
used,  they  were  spaced  at  less  than  one-half  the  thic)cness  of  the 
slab . 

A  review  of  data  for  the  laterally-restrained  laced  slabs 
tested  at  z  <  2.0  ft/lb^^^  provides  some  insight  into  the 
difference  in  the  behavior  of  laced  and  nonlaced  slabs.  The  fact 
that  both  a  laced  slab  and  a  slab  with  no  shear  reinforcement 
incurred  heavy  damage  when  tested  at  z  =  1.5  ft/lb’*^^  and  1.25 
ft/lb^^^  respectively,  somewhat  questions  the  significance  of 
lacing.  When  laced  slabs  with  p  =  2.7  percent  were  subjected  to 
low  z  values  of  0.3  and  0.5  ft/lb^^^,  they  experienced  heavy 
damage  and  partial  destruction,  respectively.  It  is  interesting 
to  note  that  a  laterally-unrestrained  slab  with  no  shear 
reinforcement  and  p  =  2.7  incurred  only  medium  damage  at 
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z  =  0.5  This  indicates  that  the  effects  of  the  large  p 

of  2.7  percent  overshadowed  the  effects  of  shear  reinforcement  on 
the  response  of  these  slabs . 

The  data  base  also  includes  a  group  of  laterally-restrained 
slabs  (components  of  box  structures)  tested  at  z  =  2.0 
The  L/d  values  for  these  slabs  ranged  from  approximately  6  to  20 
and  p  was  relatively  large,  2.0  percent  (the  upper  limit  of  TM  5- 
855-1 ) .  Support  rotations  were  generally  small  and  the  damage 
was  slight  (mainly  hairline  cracks).  Support  rotations  were  as 
high  as  26  degrees  for  a  wall  slab  of  a  box  buried  in  clay. 
Typically,  the  boxes  in  the  data  base  were  buried  in  sand,  which 
is  generally  known  to  result  in  less  structural  response  than 
when  clay  backfill  is  used.  A. slab  with  a  L/d  value  of 
approximately  6  incurred  only  slight  damage  with  a  support 
rotation  of  2  degrees  when  z  equalled  2.0  ft/lb^^^.  This  slab 
contained  single-leg  stirrups,  with  135-degree  bends  on  each  end, 
spaced  at  less  than  one-half  the  slab  thickness.  The  slab  that 
was  tested  in  clay  contained  similar  stirrups  spaced  at  greater 
than  one-half  the  slab  thickness.  As  z  was  increased  to  2.8,  4.0, 
and  5.0  ft/lb^^^  for  some  walls,  support  rotations  remained  very 
small  (1.5,  1.0,  and  2 . 0  degrees ) . 

Another  type  of  loading  called  the  HEST  (High  Explosive 
Simulation  Technique)  was  used  on  the  roof  slabs  of  many  box 
structures.  The  HEST  generally  consists  of  a  cavity  covering  the 
entire  surface  and  containing  evenly  distributed  strands  of 
explosives.  The  cavity  is  covered  with  soil  of  a  particular 
thickness  to  result  in  a  desired  pressure  decay.  Although  many 
of  the  HEST  tests  are  often  considered  to  be  "highly-impulsive, " 
it  is  likely  that  they  may  more  accurately  represent  tests  that 
have  a  charge  placed  at  z  >  2.0  The  parameter  p  varied 

from  0.5  to  1.2  percent  and  the  boxes  usually  contained  single¬ 
leg  stirrups  with  a  90-degree  bend  on  one  end  and  a  135-degree 
bend  on  the  other  end.  The  stirrups  were  spaced  at  less  than 
one-half  the  slab  thickness  and  the  L/d  values  ranged  from 
approximately  7  to  17.  Generally,  very  little  steel  was  ruptured 
in  these  tests.  The  only  case  in  which  more  than  50  percent  of 
the  tension  reinforcement  was  ruptured  was  for  a  slab  with  no 
shear  reinforcement  and  p  =  1.2  percent.  Also,  the  principal 
reinforcement  was  spaced  at  greater  than  the  slab  thickness  and 
the  slab  experienced  support  rotations  of  1 5  degrees.  When  the 
principal  reinforcement  in  a  similar  slab  (p  =  1.1  percent)  was 
spaced  at  less  than  the  slab  thickness,  no  steel  was  ruptured. 
This  slab  sustained  support  rotations  of  1 4  degrees.  In 
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addition,  a  slab  with  single-leg  stirrups  (90-  and  135-degree 
bends),  p  of  only  0.51  percent  (spacing  less  than  the  slab 
thickness),  and  L/d  of  approximately  15  achieved  support 
rotations  of  1 6  degrees  with  no  rupture  of  steel.  This  group  of 
data  indicates  that  slabs  with  single-leg  stirrups  (90-  and  135- 
degree  bends)  and  L/d  values  from  7  to  17  are  capable  of 
sustaining  support  rotations  up  to  30  degrees  with  significant 
damage  and  can  achieve  support  rotations  of  approximately  25 
degrees  with  little  to  no  rupture  of  steel.  Actually,  this  was 
the  case  for  some  slabs  that  contained  no  shear  reinforcement. 

In  addition  to  the  data  groups  discussed  above,  many 
lateraJ-ly-restrained  slabs  were  statically  loaded  with  uniformly 
distributed  water  pressure.  In  brief,  these  slabs  achieved 
support  rotations  up  to  25  degrees  when  no  shear  reinforcement 
was  used  or  when  single-leg  stirrups  (90-  and  135-degree  bends) 
were  used. 


Laterallv-Unrestrained  Slabs 

Data  for  laterally-unrestrained,  nonlaced  slabs  tested  at 
z  <  2.0  ft/lb^/3  are  very  limited.  One  of  these  slabs  contained 
looped  shear  reinforcement,  had  an  L/d  value  of  approximately  7, 
and  was  tested  at  z  =  1.0  ft/lb^'^^.  The  damage  was  described  as 
partial  destruction.  The  rest  of  the  slabs  in  the  data  base  for 
this  category  contained  no  shear  reinforcement.  The  damage 
levels  ranged  from  slight  damage  to  total  destruction  for  slabs 
that  had  an  L/d  of  approximately  10,  a  p  of  0.15  percent,  and 
were  tested  at  z  values  from  1.7  to  1.0  ft/lb^^^.  Medium  damage 
occurred  when  z  equalled  1.1  When  slabs  having  L/d  of 

approximately  7  were  tested  at  z  =  0.5  ft/lb^'^^  one  with  p  =  0.65 
percent  incurred  total  destruction,  and  one  with  p  =  2.7  percent 
incurred  medium  damage.  Likewise,  an  unrestrained  laced  slab 
with  p  =  2.7  percent  incurred  heavy  damage  when  tested  at  z  =  0.5 
ft/lb^'^.  Damage  was  also  heavy  for  two  unrestrained  laced  slabs 
with  L/d  =  7  and  p  =  0.65  percent  when  tested  at  z  =  1  . 0  ft/lb^'^^. 
It  is  obvious  that  unrestrained  slabs  with  low  percentages  of 
tension  steel  are  susceptible  to  major  damage  when  z  <  2.0 

ft/lb^/3^ 

Data  for  laterally-unrestrained,  nonlaced  slabs  tested  at 
z  i  2.0  ft/lb'  are  also  very  limited.  Four  of  these  slabs  had 
an  L/d  of  approximately  10  and  a  very  low  p  of  0.15  percent.  The 
damage  levels  ranged  from  total  destruction  when  z  equalled 
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2.0  to  slight  damage  when  z  equalled  2.6  ft/lb^^^.  Slight 

damage  also  occurred  when  L/d  was  approximately  14,  p  equalled 
0.40  jpercent,  and  z  equalled  the  relatively  large  value  of  3.5 
ft/lb^/2.  All  of  these  one-way  slabs  contained  no  shear 
reinforcement . 


Summary 

The  data  indicate  that  the  response  (support  rotations)  and 
the  tendency  for  breaching  of  reinforced  concrete  slabs  increase 
relatively  quickly  as  z  decreases  below  a  value  of  2.0  ft/lb^^^. 
Lateral  restraint  is  required  for  large  support  rotations.  The 
test  procedures  used  in  many  of  the  tests  that  were  conducted  on 
one-way  slabs  in  the  1960's  and  are  included  in  the  data  base 
were  not  consistent  with  respect  to  support  conditions.  The 
degree  of  lateral  restraint  varied  and  is  currently  difficult  to 
define  from  the  available  information.  It  is  generally  known 
that  lateral  restraint  is  inherent  to  two-way  slabs  even  when 
support  conditions  are  not  laterally  restraining. 

Although  there  are  gaps  in  the  data  base,  the  data  do  not 
indicate  that  laced  slabs  respond  significantly  different  than 
slabs  containing  a  similar  amount  of  shear  reinforcement  in  the 
form  of  single-leg  stirrups.  Actually,  the  data  indicate  that 
slabs  with  no  shear  reinforcement  can  sustain  large  support 
rotations  in  some  cases  due  to  the  effects  of  parameters  other 
than  shear  reinforcement.  It  appears  that  both  laced  and  unlaced 
unrestrained  slabs  with  low  values  of  p  are  very  susceptible  to 
major  damage  when  subjected  to  blasts  at  z  <  2.0  ft/lb^^^. 

In  addition  to  the  shear  reinforcement  spacing,  the  primary 
parameters  affecting  the  response  of  reinforced  concrete  slabs  to 
blast  loads  are  support  conditions,  amount  and  spacing  of 
principal  reinforcement,  scaled  range,  and  span-to-ef fective- 
depth  ratio.  The  data  indicate  that  combinations  of  some  values 
of  these  parameters  reduce  the  significance  of  the  other 
important  parameters,  including  shear  reinforcement  details. 


APPLICATIONS 


Much  of  the  data  described  in  Reference  5  were  taken  from 
tests  on  walls  or  roofs  of  buried  box  structures .  Other  above¬ 
ground  tests  were  typically  conducted  using  bare  (uncased) 
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explosives,  which  did  not  produce  a  fragment  loading  and 
consequent  degradation  of  the  slabs.  A  study  of  the  data  base 
has  resulted  in  the  development  of  new  shear  reinforcement  design 
criteria  and  associated  response  limits  (Reference  4)  for 
protective  structures  designed  to  resist  the  effects  of 
conventional  weapons .  This  application  of  the  data  base  reflects 
an  improved  understanding  of  the  effects  of  construction 
parameters  on  slab  ductility,  and  it  results  in  improved  economy. 
In  brief,  the  criteria  given  in  Reference  4  are  presented  in 
Table  6 . 

Moderate  damage  is  described  as  that  recommended  for 
protection  of  personnel  and  sensitive  equipment.  Significant 
concrete  scabbing  and  reinforcement  rupture  have  not  occurred  at 
this  level.  The  dust  and  debris  environment  on  the  protected 
side  of  the  slab  is  moderate;  however,  the  allowable  slab  motions 
are  large.  Heavy  damage  means  that  the  slab  is  at  incipient 
failure.  Under  this  damage  level,  significant  reinforcement 
rupture  has  occurred,  and  only  concrete  rubble  remains  suspended 
over  much  of  the  slab.  The  heavy  damage  level  is  recommended  for 
cases  in  which  heavy  concrete  scabbing  can  be  tolerated,  such  as 
for  the  protection  of  water  tanks  and  stored  goods  and  other 
insensitive  equipment. 

Based  on  the  data  base.  Reference  4  sets  forth  some  design 
conditions  that  must  be  satisfied  in  order  for  one  to  use  the 
response  limits  given  in  Table  6.  The  scaled  range  must  exceed 
0.5  ft/lb^'^  and  L/d  must  exceed  5.  Principal  reinforcement 
spacing  Is  to  be  minimized  and  shall  never  exceed  the  effective 
depth  (d) .  Stirrup  reinforcement  is  required  regardless  of 
computed  shear  stress  to  provide  adequate  concrete  confinement 
and  principal  steel  support  in  the  large-deflection  region. 
Stirrups  are  required  along  each  principal  bar  at  a  maximum 
spacing  of  one-half  the  effective  depth  (d/2)  when  the  scaled 
range  (z)  is  less  than  2  ft/lb^^^  and  at  a  maximum  spacing  equal 
to  the  effective  depth  at  larger  scaled  ranges.  When  stirrups 
are  also  required  to  resist  shear,  the  maximum  allowable  spacing 
is  d/2.  All  stirrup  reinforcement  is  to  provide  a  minimum  of 
50  psi  shear  stress  capacity.  Some  guidelines  for  ensuring 
adequate  lateral  restraint  are  also  given  in  Reference  4  but  will 
not  be  given  in  detail  here. 
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The  following  types  of  stirrups  are  permitted  in  Reference  4: 

a.  Single-leg  stirrups  having  a  135-degree  bend  at  one  end 
and  at  least  a  90-degree  bend  at  the  other  end.  When  90-degree 
bends  are  used  at  one  end,  the  90 -degree  bend  should  be  placed  at 
the  compression  force. 

b.  U-shaped  and  multilegged  stirrups  with  at  least  135-degree 
bends  at  each  end. 

c.  Close-looped  stirrups  that  enclose  the  principal 
reinforcement  and  have  at  least  135-degree  bends  at  each  end. 

Criteria  are  given  in  Reference  4  to  account  for  direct  shear 
problems .  It  was  observed  from  the  data  base  that  flexible  slabs 
that  are  laterally  restrained  are  much  less  likely  to  fail  in 
direct  shear  because  early  in  the  response,  lateral  compression 
membrane  forces  will  act  to  increase  the  shear  capacity,  and 
later  in  the  response  shear  forces  tend  to  be  resolved  into  the 
principal  reinforcement  during  tension  membrane  action.  Tests 
indicate  that  direct  shear  failure  can  occur  in  slabs  subjected 
to  impulsive  loads.  It  is  generally  known  that  shear-type 
failure  is  more  likely  to  occur  in  reinforced  concrete  members 
with  small  L/d  values  than  it  is  in  those  with  large  L/d  values. 
Since  the  data  base  indicates  that  laterally  restrained  slabs 
with  L/d  >  8  are  unlikely  to  experience  direct  shear  failures. 
Reference  4  only  requires  design  for  direct  shear  for  laterally 
restrained  slabs  having  L/d  <  8  and  for  all  laterally 
unrestrained  slabs.  This  is  considered  to  be  conservative,  but 
the  degree  of  conservatism  is  unknown  due  to  gaps  in  the  data 
base.  The  design  procedures  given  in  Reference  4  for  direct 
shear  design  will  not  be  presented  here. 


CONCLUSIONS  AND  RECOMMENDATIONS 


Several  parameters  play  key  roles  in  enhancing  the  ductility 
of  a  blast  resistant  reinforced  concrete  slab.  Allowable  design 
response  limits  should  not  be  based  solely  on  shear  reinforcement 
details  and  the  scaled  range.  Although  more  data  and  study  may 
be  needed  prior  to  the  development  of  new  design  methodology  and 
new  guidelines  for  response  limits  for  structures  designed  to 
resist  the  effects  of  accidental  explosions,  new  guidelines  have 
been  developed  for  response  limits  for  structures  designed  to 
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resist  the  effects  of  conventional  weapons.  For  these  structures 
the  primary  concern  is  often  the  completion  of  a  wartime  mission 
with  less  emphasis  on  the  continued  utility  of  the  structure. 

The  data  base  does  further  indicate  that  the  shear  reinforce¬ 
ment  design  criteria  in  current  manuals  are  overly  conservative. 
In  particular,  the  study  of  the  data  has  indicated  that  the 
development  of  the  shear  reinforcement  design  criteria  in  TM  5- 
1300  was  based  on  a  test  program  consisting  primarily  of  laced 
slabs  and  slabs  with  no  shear  reinforcement.  It  is  now  clear 
that  slahs  that  contain  stirrups  and  are  properly  detailed  in 
other  aspects  of  construction  (support  conditions,  L/d,  p,  and 
reinforcement  spacing)  are  capable  of  performing  as  well  as  laced 
slabs . 

Some  data  gaps  need  to  be  filled  and  perhaps  proof  tests  need 
to  be  conducted  before  guidelines  are  developed  that  will  result 
in  more  economical  facilities  used  for  explosives  handling  and 
storage.  A  static  test  series  for  studying  slabs  with  lacing 
bars,  stirrups,  or  no  shear  reinforcement  is  planned  for  FY  91 . 
Dynamic  tests  are  also  needed,  as  well  as  further  analytical 
effort,  for  evaluating  such  tests  and  developing  new  design 
guidelines . 
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LACING 


Lacing  reinforcement 


( 


Stirrup  c 


TABLE  1 . 

LATERALLY-RESTRAINED 

BOXES 


S  =  principal  steel  spacing 
U  =  not  reported  (unknown) 

Sg  =  shear  reinforcement  spacing 
t  =  slab  thickness 


z 

L/t 

0 

1.5 

8 

29 

1  .4 

8 

28 

0.75 

6 

26 

1  .9 

12 

15 

1 .2 

9 

10 

1.5 

10 

10 

1.2 

12 

7 

1.0 

6 

7 

1.16 

18 

2 

1  .8 

12 

2 

1  .8 

9 

1 

1  .86 

18 

0 

1  .5 

6 

0 

1.0 

5 

5 

1  .9 

9 

2 

Shear  Rein.  s  <  t 

None  Y 

None  Y 

None  Y 

None  Y 

None  Y 

135-S-135  Y 

None  Y 

None  Y 

None  Y 

None  Y 

None  Y 

None  Y 

None  Y 

135-S-135  Y 

None  Y 


Sg  i  t/2  Damage 


—  Local  Breach 
U 
U 

Local  Breach 
Major  Damage 
N  U 

Major  Damage 
Slight 
Slight 
Slight 
Slight 
Slight 
Slight 

Y  U 

Slight 


z  >2.0 


2.0 

10 

26 

135-S-135 

Y 

N 

U 

2.3 

18 

10 

None 

Y 

— 

Local  Breach 

2.0 

10 

7 

135-S-135 

Y 

N 

U 

2.0 

10 

6 

135-S-135 

Y 

N 

U 

2.0 

10 

4.5 

135-S-135 

Y 

N 

U 

2.0 

10 

4 

135-S-135 

Y 

N 

U 

2.0 

10 

3.5 

135-S-135 

Y 

N 

Slight 

TABLE  1 . 


LATERALLY-RESTRAINED  BOXES  (cont'd) 


z  <  2.0 


L/t 


0 


Shear  Rein. 


s  <  t 


s  ^ 

S 


t/2 


Damage 


yi 

VO 


2.0 

10 

2.5 

135-S-135 

Y 

N 

U 

2.0 

12 

2.5 

None 

Y 

— 

Slight 

2.0 

10 

2 

135-S-135 

Y 

N 

U 

2.0 

5 

2 

135-S-135 

Y 

Y 

Slight 

2.8 

18 

1  .5 

None 

Y 

— 

Slight 

4.0 

10 

1 

135-S-135 

Y 

— 

Slight 

2.3 

12 

1 

None 

Y 

— 

Slight 

2.0 

5 

1 

135-S-135 

Y 

Y 

U 

2.4 

12 

0.5 

None 

Y 

— 

Slight 

5.0 

7 

0.2 

None 

Y 

— 

Slight 

2.0 

9 

0 

None 

Y 

— 

Slight 

L/t 

0 

Shear  Rein. 

HEST  LOADING 

s  5  t 

Ss  <  t/2 

Damage 

15 

30 

None 

N 

1  .2 

near  incipient  collapse 

6 

28 

135-S-90 

Y 

1 .2\0.5 

Y 

steel  not  ruptured 

8 

26 

135-S-90 

Y 

1 .0\1 .5 

N 

<  50%  steel  ruptured 

8 

22 

135-S-90 

Y 

1 .0\1 .5 

N 

steel  not  ruptured 

14 

16 

135-S-90 

Y 

0.51\0.31 

N 

steel  not  ruptured 

15 

15 

None 

N 

1.2 

— 

>  50%  steel  ruptured 

13 

14 

None 

Y 

1.1 

— 

steel  not  ruptured 

8 

14 

135-S-90 

Y 

1 .0\1 .5 

N 

<10%  steel  ruptured 

REST  LOADING  (cont'd) 


L/t 

0 

Shear  Rein. 

II 

II 

II 

■4J  II 

II 

VI  II 

II 

0]  II 

II 

II 

II 

II 

II 

II 

Pten\Ps 

S3  i  t/2 

Damage 

6 

11 

135-S-90 

Y 

0.75\0.5 

Y 

steel  not  ruptured 

6 

9 

135-S-90 

Y 

1 .2\0.5 

Y 

steel  not  ruptured 

8 

8 

135-S-90 

Y 

1 .5\1 .5 

Y 

steel  not  ruptured 

8 

4 

closed-hoop 

Y 

0.5\0.25 

— 

steel  not  ruptured 

13 

3.1 

double-leg 

N 

0.69\0.18 

N 

steel  not  ruptured 

13 

2.5 

double-leg 

N 

0.69\0.18 

N 

steel  not  ruptured 

13 

2 

double-leg 

N 

0.69\0.18 

N 

steel  not  ruptured 

13 

2 

double-leg 

N 

0.69\0.18 

N 

steel  not  ruptured 

8.5 

1  .5 

double-leg 

Y 

1 .0\1 .5 

N 

steel  not  ruptured 

15 

1.5 

None 

N 

1.2 

— 

<  10%  steel  ruptured 

13 

1 

double-leg 

N 

0.69\0.18 

N 

steel  not  ruptured 

15 

1 

None 

N 

1.2 

— 

<10%  steel  ruptured 

13 

0.5 

double-leg 

N 

0.69\0.18 

N 

steel  not  ruptured 

SD  =  Slight  damage 
MD  =  Medium  damage 


TABLE 

2 .  NONLACED 

SLABS 

HD  =  Heavy  damage 

PD  =  Partial  destruction 

TD  =  Total 

damage 

L/t 

z 

<  2.0 

Laterally 

z 

Shear  Rein. 

s  ^  t 

P  tension^ 

Restrained 

Damage 

1 .7 

8 

None 

y 

0.15 

N 

SD 

1 .7 

8 

None 

Y 

0.15 

N 

SD 

1 . 65 

8 

None 

Y 

0.15 

N 

PD 

1.6 

6 

None 

N 

0.65 

U 

PD 

1 .5 

8 

None 

Y 

0.15 

U 

TD 

1 .5 

14 

None 

Y 

0.40 

U 

SD 

1  .5 

14 

None 

y 

0.40 

U 

HD 

1 .25 

6 

None 

N 

0.65 

U 

TD 

1.25 

6 

None 

N 

0.44 

U 

HD 

1 .25 

6 

None 

N 

0.65 

U 

HD 

1  .25 

6 

None 

N 

0.65 

U 

PD 

1  .25 

6 

Looped 

N 

0.65 

Y 

HD 

1.1 

8 

None 

Y 

0.15 

N 

MD 

1  .05 

8 

None 

Y 

0.15 

N 

PD 

1.02 

7 

None 

Y 

0.15 

U 

TD 

1.0 

8 

None 

Y 

0.15 

N 

TD 

1 .0 

8 

None 

Y 

0.15 

N 

TD 

1.0 

7 

None 

Y 

0.15 

Y 

SD 

1 .0 

6 

None 

N 

0.65 

U 

TD 

1  .0 

6 

Looped 

N 

0.65 

N 

PD 

0.8 

6 

None 

N 

0.65 

U 

TD 

0.5 

14 

None 

Y 

0.40 

U 

TD 

0.5 

8 

None 

Y 

0.15 

N 

TD 

0.5 

6 

None 

N 

0.65 

U 

HD 

TABLE  2.  NONLACED  SLABS  (cont'd) 
z  <  2.0 

Laterally 


z 

L/t 

Shear  Rein. 

s  <  t 

Ptenfilon^ 

Restrained  Damage 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

i  II 
i  ■■ 

!  II 
II 
II 
II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

It 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

It 

II 

II 

0.5 

6 

None 

N 

0.44 

U 

TD 

0.5 

6 

None 

N 

0.65 

U 

HD 

0.5 

6 

None 

N 

0.65 

U 

TD 

0.5 

6 

None 

N 

0.65 

N 

TD 

0.5 

4 

None 

N 

2.70 

N 

MD 

0.5 

2 

None 

N 

0.15 

U 

TD 

1  .1 

20 

None 

Y 

0.31 

Y 

0  =  10.4°;  no  steel  failed 
shear  crack  §  one  support 

(md) 

0.68 

20 

180-S-180 

Y 

1.0 

Y 

0  =  12.2°;  no  steel  failed 

(MD) 

0.68 

20 

180-S-180 

Y 

1  .0 

Y 

0  =  10.1°;  no  steel  failed 

(MD) 

0.65 

20 

180-S-180 

Y 

1.5 

Y 

0  =  10.5°;  no  steel  failed 

(MD) 

0.65 

20 

180-S-180 

Y 

2.5 

z  ^  2 . 0 

Y 

0  =  4.8°;  no  steel 
failed  (SD-MD) 

2.0 

8 

None 

Y 

0.15 

U 

TD 

2.6 

8 

None 

Y 

0.15 

N 

SD 

2.6 

8 

None 

Y 

0.15 

N 

PD 

2.62 

8 

None 

Y 

0.15 

N 

SD 

3.5 

14 

None 

Y 

0.40 

U 

SD 

TABLE  3.  LACED  SLABS 


z  <  2.0 


Laterally 


z 

L/t 

P*  •  % 

^tension 

Pshear^ 

Restrained 

Damage 

1  .5 

6 

0.65 

0.15 

Y 

HD 

1 .25 

6 

0.65 

0.40 

U 

MD 

1  .0 

6 

0.65 

0.15 

N 

HD 

1  .0 

6 

0.65 

0.40 

N 

HD 

1 .0 

6 

0.65 

0.15 

Y 

HD 

1  .0 

6 

0.65 

0.15 

Y 

PD 

1  .0 

6 

2.70 

1  .20 

Y 

HD 

0.9 

6 

2.70 

1.20 

Y 

HD 

0.8 

6 

0.65 

0.15 

N 

PD 

0.8 

6 

0.65 

0.40 

N 

MD 

0.5 

6 

0.65 

0.40 

U 

HD 

0.5 

6 

0.65 

0.15 

U 

PD 

0.5 

6 

0.65 

0.40 

U 

PD 

0.5 

6 

2.70 

1.20 

N 

HD 

0.5 

4 

2.70 

1.20 

Y 

HD 

0.5 

2 

0.69 

0.53 

U 

MD 

0.4 

6 

0.65 

0.40 

U 

HD 

0.4 

1  .8 

0.65 

0.53 

U 

HD 

0.35 

2 

2.70 

1.20 

Y 

HD 

0.3 

2 

2.70 

1  .20 

Y 

HD 

0.3 

2 

2.70 

1.20 

Y 

PD 

TABLE  4.  NONLACED  SLABS 
STATICALLY-LOADED 


0 

L/t 

Shear  Rein. 

II 

II  Ui 

II 

II  lA 

II 

II  (f 
II 

S3  i  t/2 

Pten/Ps 

Damage 

11.2 

15 

135-S-90 

N 

N 

1.14/0.18 

>  50%  tension  steel  ruptured 

12.6 

10 

135-S-90 

N 

N 

0.74/0.18 

<  50%  tension  steel  ruptured 

13 

10 

135-S-135 

N 

N 

0.74/0.09 

>  50%  tension  steel  ruptured 

14 

10 

double-leg 

N 

N 

0.74/0.19 

>  50%  tension  steel  ruptured 

14 

10 

135-S-135 

N 

N 

0.74/0.18 

>  50%  tension  steel  ruptured 

14 

10 

135-S-90 

N 

N 

0.74/0.18 

>  50%  tension  steel  ruptured 

14 

10 

None 

N 

N 

1.58 

No  steel  ruptured 

14.5 

10 

135-S-135 

N 

N 

0.74/0.18 

>  50%  tension  steel  ruptured 

14.5 

15 

135-S-90 

N 

N 

1 .47/0.24 

No  steel  ruptured 

15 

15 

135-S-90 

N 

N 

1.47/0.24 

No  steel  ruptured 

15.5 

10 

135-S-135 

N 

N 

0.74/0.18 

>  50%  tension  steel  ruptured 

16 

15 

135-S-90 

N 

N 

0.58/0.18 

>  50%  tension  steel  ruptured 

16.5 

10 

135-S-90 

N 

N 

1 .06/0.27 

<  50%  tension  steel  ruptured 

16.5 

10 

None 

N 

N 

0.74 

>  50%  tension  steel  ruptured 

16.5 

10 

135-S-135 

Y 

N 

0.75/0.19 

>  50%  tension  steel  ruptured 

16.7 

15 

135-S-90 

N 

N 

1 .14/0.18 

No  steel  ruptured 

17 

10 

135-S-90 

N 

N 

0.52/0.22 

>  50%  tension  steel  ruptured 

17 

15 

135-S-90 

N 

N 

0.58/0.18 

>  50%  tension  steel  ruptured 

18 

10 

135-S-90 

N 

N 

0.74/0.18 

<  50%  tension  steel  ruptured 

18 

15 

135-S-90 

N 

N 

1.14/0.18 

No  steel  ruptured 

18 

10 

135-S-135 

Y 

Y 

0.75/0.38 

>  50%  tension  steel  ruptured 

18 

10 

None 

N 

N 

0.74 

>  50%  tension  steel  ruptured 

18.8 

10 

135-S-90 

N 

N 

0.74/0.18 

>  50%  tension  steel  ruptured 

19.5 

10 

135-S-90 

N 

Y 

1.13/0.22 

>  50%  tension  steel  ruptured 

19.5 

10 

135-S-90 

N 

N 

0.52/0.22 

>  50%  tension  steel  ruptured 

19.7 

10 

None 

N 

N 

0.79 

>  50%  tension  steel  ruptured 

19.7 

10 

None 

N 

N 

1.13 

<  50%  tension  steel  ruptured 

TABLE  4.  NONLACED  SLABS 
STATICALLY-LOADED  ( cont ' d ) 


0 

L/t 

Shear  Rein. 

s  <  t 

S3  <  t/2 

Pten/Ps 

Damage 

20 

10 

135-S-90 

N 

N 

0.74/0.18 

> 

50% 

tension 

steel 

ruptured 

20.5 

10 

135-S-135 

N 

Y 

0.74/0.36 

> 

50% 

tension 

steel 

ruptured 

20.5 

10 

None 

N 

N 

1.14 

< 

50% 

tension 

steel 

ruptured 

21 

10 

None 

N 

N 

1.14 

> 

50% 

tension 

steel 

ruptured 

22.5 

10 

None 

N 

N 

1.13 

< 

50% 

tension 

steel 

ruptured 

22.5 

8.4 

135-S-90 

Y 

N 

1.02/1 .53 

> 

50% 

tension 

steel 

ruptured 

23.5 

10 

135-S-90 

N 

Y 

1.13/0.22 

> 

50% 

tension 

steel 

ruptured 

23.5 

10 

None 

N 

N 

1.14 

> 

50% 

tension 

steel 

ruptured 

23.5 

10 

135-S-135 

N 

N 

1.13/0.06 

> 

50% 

tension 

steel 

ruptured 

24 

10 

None 

N 

N 

0.79 

> 

50% 

tension 

steel 

ruptured 

24.5 

10 

135-S-90 

N 

Y 

1.13/0.22 

> 

50% 

tension 

steel 

ruptured 

TABLE  5.  LACED  SLABS 
STATICALLY  LOADED 


cr> 


Laterally 


0 

L/t 

Pten^Ps 

II 

II 

II 

II 

II  “ 

I! 

II  ^ 

Ss  ^  t/2 

Restrained 

8.5 

24 

0.82/0.19 

N 

Y 

Y 

9.2 

24 

2.11/1.37 

Y 

Y 

Y 

11 

24 

0.89/0.42 

N 

Y 

Y 

12.5 

24 

0.82/0.19 

N 

Y 

Y 

13.2 

24 

0.82/0.19 

N 

Y 

Y 

Damage 


steel  condition  not 
reported 

no  steel  ruptured 
steel  condition  not 
reported 

steel  condition  not 
reported 

steel  condition  not 
reported 


Table  6.  Design  Criteria  from  Reference  4 


Lateral  Restraint  Damage  Response  Limit 

Condition  Level  (Degrees) 


Unrestrained  -  6 

Restrained  Moderate  1 2 

Restrained  Heavy  20 
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